I. INTRODUCTION
The scattering of pions by nucleons has hitherto been extensively investigated from very low energies up to 300 Mev. In this energy region, dominated by the well-known (:3/Z, 3/Z) resonance, the experimental information is quite consistent and in good agreement with theory.
1
Above 300 Mev, the data on pion scattering are less complete than at lower energies. There are a few good measurements with high resoiution and good statistics up to 330 Mev. 2 Above this energy. much of the published data are qualitative rather than quantitative. 3
In the experiment described here, the differential elastic-scattering cross section for negative pions on protons has been measured at 230, 290, 370, and 4Z7
Mev (lab) for the incident pion. Also, the differential cross sections for various , combinations of the inelastic processes listed below have been measured.
In addition to the elastic-scattering interaction, .. ,.,. + p -11' + n, (Z) and the inelastic interactions (-170 Mev threshold) leading to two-pion final states, 0 ..
+
"" + p -11' + "" + n.
-0 -11' + 11' + p.
and 0 0 -11' + 11' + n?"
The inJ'lastic cross sections for three-pion final states with a threshold at 345 Mev are negligibly small at the highest energy measured in this experiment (4Z7 Mev).
From these experiments on elastic scattering. information ie obtained concerning the amplitudes of the various angular -momentum states in the pion-nucleon interaction at several energies. The rapid increase of one of these waves is consistent with the tentative interpretation that the second resonance in the pion-proton interaction. occurring at 600 Mev, 4 • 5 is a o 3 /Z resonance.
6
Comparisons of these experiments with dispersion theory are made in which the D and higher waves in the data analysis are checked with dispersion predictions.
The parameters fz (pion-nucleon coupling constant) and the zero-energy scattering lengths were given values which are required for good agreement with lower-energy data. 7 '•' elastic From the combined data for 11' .. -p/scattering, for charge exchange, and for v + -p elastic scattering. all at the same energy, one can (as pointed out by Stanghellini) 8 infer a quantitative limit on the validity of the charge·independence hypothesis at these higher energies.
The most complete interpretation of pion-nucleon experiments is based on an analysis in terms of scattering amplitudes and phase shifts. This approach is desirable at the higher energies also, and may be carried out consistently when the higher -energy ' •.I -s-UCRL-9119 Rev. data become adequate. The main complication introduced at higher energies is that additional phase ehifte are required and also that they become complex quantities because of the appearance of inelastic channels. For a satisfactory determination of the phase shifts, the possible differential and total inelastic reactions must be known to an accuracy comparable to that for the elastic data. A tentative set of phase shifts up to 600 Mev baa been proposed by Walker, based on the existing elastic and inelastic data.
6 This set can be significantly improved when missing or uncertain data are determined as accurately as the elastic-scattering data in this and similar experiments. 9
II/ EXPERIMENTAL METHOD .
A. E~erimental Arrangement
Magnets and Collimators
A diagram of the experimental arrangement at the Berkeley synchrocyclotron is shown in Fig. 1 . The 730-Mev proton beam produced 'IT· mesons in the beryllium internal target which was Z·in. thick in the direction of the beam. The negative pions were deflected out of the cyclotron by its magnetic field, through a thin aluminum window in the vacuum tank, focused by a quadrupole magnet, and then passed through an iron collimator 8 ft long.
The pion beam was momentum-analyzed and focused by passing through a 10 . conventional horizontal magnet system, after which the beam passed through a collimating hole in a Z-ft-thick lead wall. At each energy, the pion flux at the position of the hydrogen target was in excess of 10 4 pions/sec in a Z-in. diameter beam.
Z. Pion Beame
The energies of the four pion beams are listed in Table I with their energy spreads and contaminations. The average energy, the energy spread, and the UCRL-9119 Rev.
fractional ~on contamination of each pion beam were determined from range measurements in copper.
The electron contaminations were measured directly at the two lower energies "-11
by using a gas Cerenkov counter set to count particles of {3 > 0.99.
At the two higher energies, upper limits to the number of electrons in the beam were estimated.
Horizontal and vertical beam profiles were measured at the position of the liquid hydrogen target with a 1/4-in .
• square counter placed in coincidence with the two beam-monitor counters.
Counters y
All the counters, with the exception of the gas Cerenltov counters, were -plastic scintillators viewed through Lucite light pipes by RCA 6810A photomultiplier tubes. The sizes of the scintillator a shown in Fig. 1 are listed in Table II. During the data runs, Counters 1 and Z were used as monitors, and Counters 3, 4, and 5 were combined into a counter telescope to detect elastically scattered pions. These counters were placed as shown in Fig. Z . The details of the countertelescope design are discussed below.
Electronics -------
A block diagram of the electronics is shown in Fig. 3 . The high counting rates, up to 10 6 counts/sec, required high-speed electronic circuits. lZ The correction for multiple counts in one fine-structure pulse is discussed under Corrections.
Both fourfold coincidences, 1234, and fivefold coincidences, 12345, were recorded in addition to the monitor doubles, lZ. During measurements at forward angles, a 1/4-in. -thick anticoincidence counter with a Z-in. -dia.m hole was used to define the incident beam more accurately. It was placed just before the target to reduce direct beam spray into the telescope.
-7-UCRL-9119 Rev. which were bonded to these plates with a Versamid epoxy mixture. The container was thermally insulated by a vacuum.
A correction for bulging of the Mylar walls in the vacuum, due to the 1-atm pressure inside the target, was included in Ch!termining the target thickness.
B. Counter Telescope
Design
The counter telescope consisted of scintillation counters 3, 4, and 5, as shown in Fig. 2 . It pivoted as a unit in the horizontal plane about the center of the hydrogen target. The distance from this pivot axis to the telescope was variable eo that the solid angle subtended could be adjusted. copper needed was less than that given by the simple linear equation
where Ci (in g/cm 2 ) is the ideal amount of absorber and T is the kinetic energy (lab) (in Mev) of the elastically scattered pions. Consequently, the amount of absorber determined· from Eq. (4) was used throughout the experiment.
Counters 4 and 5 were large enough that losses from multiple Coulomb scattering in the absorbers were less than Q;S%;. !\; .~ r .::, ;: •
Calibration
For the highest-energy scattered pions, the required amount o£ copper absorber in the telescope transmitted only about 1/3 of the pions. Consequently, it was of great importance to measure accurately the efficiency of the counter telescope throughout its range of use.
The absolute calibration of the counter telescope was carried out with essentially the same beam setup as shown in Fig. 1 by placing the telescopet,directly in the main pion beam just after the monitor counters and varying the w-beam energy from 100 to 430 Mev.
On the assumption that the muons are counted with lOOo/o efficiency, the counter efficiency E is related to the measured .$t:.action transmitted, F, and the fractional beam contamination, K, by
The results of the measurements for establishing the curves used to calibrate the counter efficiency are given in Table I . and Fig. 4 . The unusually high muon contaminatioot at 155 Mev reflected the physical impossibility of properly adjusting the position of the internal beryllium target at this energy.
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C. Experimental Procedure
Accidentals and Backgroun~
The oply important accldentals counting rate in this experiment is due to more than one particle passing through the monitor during a. single cyclotron rf fine-structure pulse. This rate was measured by appropriate electronic delay procedures and taken into account in the data reduction.
The background counts during the run were measured by cycling with the target empty and full at each different laboratory-system angle. This was done for both regular and accidental& runs.
Z. Counting Rates
The counting rate for scattered pions was of the order of 10 counts/min.
Singles counting rates were regulated with. regard for the observed accidental& rates.
D. Related Measurements

Simultaneous Experiments
While this experiment was being carried out on one side of the hydrogen target, other experiments were performed on the other side.
During the data run at Z30 and Z90 Mev, the charge-exchange process given in Interaction (Z) was measured. 9 During the data run at 370 and 4Z7 Mev, the 11' + 13 production processes given in Interactions (3) were measured.
In order to avoid a possible change in background level, data cycles were completed during periods when no changes were made in these other experiments.
Z. Total Cross Section
Also in conjunction with this experiment, the total cross section was measured.
This was done by using the same pion beam arrangement and magnet setting as in measurements of the differential cross section. The hydrogen target was replaced by a long (4-ft) hydrogen target. 14 This meaeurement is described elsewhere. 15 The importance of the measurements to this experiment is that the beams for which total UCRL-9119 Rev.
erose sections were obtained were identical to those for which the elastic-scattering cross section was measured. These two res1.1lts are then compared by using the disperaion relation (15), and the comparison is sharpened by bting independent of pion beam characteristics. Independent of the 1.1ncertainties in determining these energies, dispersion relations are discussed.
III. RESULTS
A. Differential Cross Section
The average numbers of scattered particles per monitor co1.1nt, IA' at each energy and angle are listed in Table III .
The laboratory-system differential cross section, da /dO. is related to the average scattered counts per monitor count, IA' by (7) where E is the efficiency, 0 is the solid angle subtended by the counter telescope, and K, the target constant, is the number of scattering centers per unit area normal to the beam direction. For hydrogen, it is given by (8) where N 0 is Avogadro's number, pH is the density of the liquid hydrogen in the target. and L is the average thickness of the target parallel to the beam direction. . . . C.M. The total cross section is determined from Eq. (7) for a point target and telescope.
To correct for finite target and counter sizes, the product of efficiency and solid angle, E 0, that appears in Eq. (7) was replaced by an appropriate averag~::
value, EO.
The results obtained for the total scattered-pion differential cross sections in the laboratory system, du /d"T, are listed in Table IV . These values were obbained fr.om Eq. (7) after EO was replaced by EO.
Beam Contamitiation and :Attenuation
The muon and electron contamination of the incoming pion beam, the decay of pions into muons between the monitor and target, and the attenuation of both incident and scattered pions by the target material required that a negative correction be applied to the monitor counting rate, where the monitor is to be regarded as counting only those pions that enter into the scattering experiments. This correction does not change the form of the angular distribution, only its normalization.
The fractional beam contaminations were determined from range measurements, and the values obtained are listed in Table I .
Coulomb Scatteri~
At the energies and angles (lab) measured in this experiment, interference between nuclear and Coulomb scattering is negligible, 17 ' 18 and the nuclear contri· ... 
Charge·Exchange Correction
The counter telescope is lo/o efficient in detecting the reaction -0 v + p -n + '" -n + Z.y. The data are corrected for this background by subtracting lo/o of the charge-exchange cross section at the same energy.
The final barycentric differential cross section, da /dO*, and the corresponding center -of -mass angle of scattering, s"", are list~d in Table IV. C. Errors
Counting Statistics
The statistical (standard -deviation) errors in the counting data were set equal to the square root of the corresponding number of counts. These errors were propagated to give values of the standard-deviation error, ~~A' on the average quantities, IA' which are listed in Table IV .
Z.. Other Sources of Errors
The errors in the measured efficiency E, obtained from Eq. r z. ,
l.
This formula has been written down explicitly to show the important fact that the uncertainty in the efficiency h smaller than the uncertainty in the beam-contamination fraction by a factor of about ( 1-F) for the small values of K observed. Thus the error in the measured efficiency is 1/10 the beam contamination for efficiencies greater than 90%, for example. As a result, even the uncertainty in the electron contamination of the calibration beam, which was estimated and included as a random• error addition to AK, did not give efficiency errors in excees of 4% at any point.
At most points, they were less than Z%.
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The uncertainty given in the target constant, K, of Eq. (7) arose primarily ~rom the uncertainty in the temperature of the hydrogen gas in the target when it was not full 9f liquid hydrogen.
The error in the solid·angle determination was negligible. Small errors ,.·,·.-arising from the Coulomb and charge-exchange corrections were included.
Both the muon and electron contaminations were evaluated for the pion beams used in the data runs ( Table I ). The errors in these contamin.:1tions appear directly as errors in the correction factor multiplying the total angular distribution. Since they did not exceed Zo/o, however, they were included for c-onvenience as additional random errors in the individual values of differential cross eections because their contribution is small.
The combined results of all of these errors are listed as standard-deviation errors, Mu I dO*, on the final differential eros s-section: points, du I dO*, in Table   III . A plot of these differential cross sections is shown in Fig. 5 .
D. Pion-Production Cross Sections
Though this experiment was not primarily intended to measure cross sections for any of the pion-production processes given in Interactions (3) Since do /dOT h~s been determined in this experiment (Table III) , and data concerning du 1 /dO were obtained elsewhere, 13 information about du 2 /dO was estimated from theory.
Consequently, the quadruples data, 1234, were analyzed in the same way as the quintuples data to get values for IA' :1: -C!.IA' for the quadruples data. These values are listed in Table LV . These quantities in turn were used to find du 4 /dO:I:Adu 4 /dO from Eq. (7) in the same wa~.,as do {'dOT ::1::-C!.du /del.r was obtained for the quadruples data, except that the efficiency was assumed to be 100% since there was no absorber between O>unters 3 and 4. The results are listed in Table IV for meaningful angles.
From the results listed in Table III , values for the quantity f(Zda 1 /dO +du 2 /dO) were then calculated by means of Eq. (11) . These values are listed in Table IV .
It is necessary to evaluate the fraction f(e) appearing in Eq. (11) . Because of the large statistical errors in all these data, for simplicity the laboratory-system energy spectrum at all angles was assumed to have the approximate form ' -~ :.
sin (Z1TT /T ), where T, the kinetic energy of the pion at that angle, has a maximum max value T max Thus, the fraction detecteCI, f( e), is given by Table IV . A plot of these points is shown in Fig. 6 .
·. Table V . Also listed in this table are the degrees of freedom, k; the qillues of x Z obtained; the probability p that x Z would exceed the value found in a random sample, and the Fisher probability F that An should be zero.
The first adequate and best fits determined on the basis of these statistical criteria are indicated by superscripts a and b in Table V. For the best fits, the error matrices, C .. , are given in Table VI. The theoretical curves obtained from lJ Eq. ( 13) for 5 and P waves alone (n = Z) and for the best fits are shown in Fig. 5 .
At Z90 Mev and above, it can be seen that the probability that the data are consistent with fits based on S and P waves alone is less than lo/o. In fact, the most probable values of n obtained include an F-wave interference term ( n = 5) at 370 Mev and an F-wave term (n = 6) at 4Z7 Mev. Thus the conclusion can be drawn that at Z30
Mev only S and P waves are needed, but at the higher energies D waves are present and above Z90 Mev F waves may be present, especially at 4Z7 Mev. bBest fit. . ' ..
•\.; .. , ... 
.,.,_ Z«W"'"' ._.,.._.,._..;,..,ur.li~Dlt .t·~·~~~i'::!~""e"'-;o:-r-~.;;;;;;;!::;
,.. The total ~laS':ti:C .. <;t:.Q;SfiU!~l:.UQ,P. u E' obtained by integrating the best-fit curve for the differential cross section is given by
where A 0 is the coefficien.~ ~f the constant term (P 0 (cos 8*) = 1). The total elastic cross sections obtained by Eq. 14 are listed in Table VIIL ( 1'6) ( 17) and where ;f. is the wave length of the pion {'(::: -il/k), 'T is the total isotopic spin, C is an appropriate product of Clebach-Gordan coefficients for the particular inter-.,.
action considered, L is the maximum-order angular-momentum state that enters,
-zs- Table V and shown in Fig. 6 . Because of the compHcations introducted by the three-body pion-production kinematics, no attempt was made here to separate the two differential cross sections or convert them to the barycentric system by using previously measured values of du 1 /dDt-. Rather, a Legendre polynomial series of the form (ZO) was fitted to the combined laboratory-system differential cross section (see {Eq. (3) quantitatively. However, qualitatively it appears that u 2 may be decreasing with energy, and at the higher energies it is significantly smaller than u 1 .
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FIGURE LEGENDS
Diagram of first-run experimental arrangement.
Diagram showing the details of the hydrogen target and counter arrangement.
Block diagram of electronics for monitor and counter telescope. ..
